] i in avian cochlear nucleus neurons: the death of 20-40% of the neurons, whereas the surviving roles of protein kinases A and C and relation to cell death. J. neurons display profound morphological, metabolic, and Neurophysiol. 79: 2288Neurophysiol. 79: -2302Neurophysiol. 79: , 1998. Neurons of the cochlear nu-physiological changes (reviewed in ). One cleus, nucleus magnocellularis (NM), of young chicks require ex-of the earliest changes observed in NM neurons after deaffercitatory afferent input from the eighth nerve for maintenance and entation is an increase in intracellular calcium concentration We have shown previously that NM neurons express one physiological levels in part via mGluR-mediated activation of PKA or more subtypes of mGluR linked to the phospholipase C and PKC and that increases in [Ca 
and is implicated in a number of nM, respectively, by 120 min. Nonspecific kinase inhibition with neuropathological conditions including ischemia, excitotoxi-1 mM staurosporine during stimulation resulted in an [Ca 2/ ] i in-city, and anoxia (reviewed in Choi 1992) as well as Alzheicrease that was greater in magnitude than that seen with either mer's disease (Furukawa and Mattson 1995) . PKA and PKC PKA or PKC inhibition alone, equal to that seen in the absence have been shown to be important to neuronal [Ca 2/ ] i regulaof stimulation, but much smaller than that seen with inhibition of tion (Erausquin et al. 1990; Kikkawa et al. 1986; Wang et We have shown previously that NM neurons express one physiological levels in part via mGluR-mediated activation of PKA or more subtypes of mGluR linked to the phospholipase C and PKC and that increases in [Ca cell death. These results have been reported previously in been described previously (Zirpel and Rubel 1996a; abstract form Rubel 1996b). 1995) . Slices containing fura-2-loaded NM neurons were placed in the imaging chamber on the stage of a Nikon Diaphot inverted
M E T H O D S
microscope and alternately excited with 340 and 380 nm wavelengths of light attenuated to 3% by an in-line 1.5 neutral density
Cochlea removals
filter. Fura-2 fluorescence emission was obtained at 510 nm by an intensified CCD (Hamamatsu, Japan) using a 140 fluor oil Cochlea removals were performed on 17-to 19-day-old chick immersion lens (Nikon) and a 480-nm long-pass barrier filter. embryos as previously described (Lippe 1994; Zirpel et al. 1995a) .
Paired 340/380 fluorescence ratio images were acquired every 3, The head of the embryo was pulled out through a small hole in 10, 30, or 180 s. Exposure time for each excitation wavelength the egg shell, lidocaine was applied to the right ear canal region, was 750 ms. and the surrounding tissue was dissected away. A large incision Individual NM neurons were identified easily in these slices and was made in the tympanic membrane exposing the columella, were randomly chosen for analysis only if the ratio image (340/ which then was removed using fine forceps. A small glass suction 380) of any given cell was ú50 pixels. Cells were outlined for pipette was inserted through the oval window, and the cochlea was analysis using Image-1/Fluor software (Universal Imaging, West removed by aspiration. The wound was packed with Gelfoam, the Chester, PA). From 5 to 20 NM neurons per slice were analyzed head of the embryo was replaced in the egg and the egg placed in with the average slice, yielding nine NM neurons for analysis. a humidified incubator at 37ЊC. The embryos were allowed to Ratios (340:380) were converted to intracellular calcium concenrecover for 1 or 3 h after which time they were decapitated and trations ([Ca 2/ ] i ) by the Image-1/Fluor software with an external brain stem slices were acquired and labeled with propidium iodide high-low calibration technique (Grynkiewicz et al. 1985) . This as described in the following section.
calibration technique employed several in vitro solutions ranging in calcium concentrations from nominally calcium free to 36 mM
Tissue preparation
free calcium (Molecular Probes) and 100 mM pentapotassium fura-2 under identical imaging conditions as used in the experiments. Brain stem slices were obtained from 17-to 19-day-old chick On-line ratio values were converted to calcium concentrations by embryos as previously described (Zirpel and Rubel 1996a; Zirpel interpolation from this curve. The Kd of fura-2 was assumed to be et al. 1995b). A thick coronal section containing the entire brain 224 nM (Grynkiewicz et al. 1985) . Neurons with initial [Ca 2/ ] i stem was obtained from the decapitated embryo. The cerebellum of ¢250 nM were assumed to have been injured in the tissue and optic tectum were dissected free, and the remaining brain stem preparation and were excluded from the data acquisition process. tissue was immersed in a 4% agarose solution. When the agarose
The majority of slices contained no NM neurons with [Ca 2/ ] i this solidified, 300-mm-thick coronal sections containing bilateral NM high, and few slices contained more than four cells with high were acquired using a tissue slicer. All manipulations were per-[Ca 2/ ] i : average Å 2% of all cells in all slices showed an initial formed in oxygenated artificial cerebrospinal fluid (ACSF). The [Ca 2/ ] i this high. Cells chosen for analysis were monitored continslices then were allowed to equilibrate to room temperature in uously for the duration of the experiment; no cells were added oxygenated ACSF for 45 min, after which time they were placed during the course of the experiment, and cells that were chosen in an oxygenated ACSF solution containing 5-10 mM fura-2 AM initially but subsequently exhibited a complete loss of fluorescent (Molecular Probes, Eugene, OR), 1.7% anhydrous dimethylsulfoxsignal were excluded from analysis. Loss of fura-2 fluorescence is ide (DMSO; Aldrich Chemical, Milwaukee, WI), and 0.03% Plurreported to indicate cell death (Johnson et al. 1994) . onic (Molecular Probes) for 30 min. Slices then were placed in a Teflon imaging chamber (Ince et al. 1985) and continuously superfused with oxygenated ACSF at a rate of 3 ml/min. All experi-Data analysis ments were performed at room temperature.
[Ca 2/ ] i levels for neurons within a given slice were averaged at Ç5-min intervals. For statistical analyses, the mean [Ca 2/ ] i for Electrophysiology all cells analyzed in a given slice at a particular time point was treated as a single observation (n Å 1). Thus ns for each statistical Techniques for stimulating and recording in chick brain stem comparison were the number of slices in a treatment group, except slices in vitro have been described previously (Hyson and Rubel where otherwise noted. Data are presented as means { SE. The 1989; Zirpel and Rubel 1996a). Twisted Teflon-coated silver wires total number of neurons is presented followed by n Å number of (Medwire, Mt. Vernon, NY) comprised the bipolar stimulating slices. The time-related change of [Ca 2/ ] i was compared between electrode. Stimulation consisted of 1-4 mA, 20-ms pulses delivered treatment groups of interest by examining the interaction term in at a rate of 5 Hz. Recording electrodes were pulled from borosilithe appropriate two-way analysis of variance (ANOVA, treatmentcate glass (World Precision Instruments, Sarasota, FL) to resisby-time with repeated measures on the time factor). The values tances of 1-5 MV and filled with ACSF. To orthodromically stimureported in the results are for the interaction term. Data were plotted late NM, the stimulating electrode was placed on the eighth nerve using Excel (Microsoft, Redmond, WA) and Cricket Graph III (VIIIth n.) root lateral to NM. The VIIIth nerve is the sole excit-(Cricket Software, Malvern, PA). Two-way ANOVA and t-tests atory input to NM (Born et al. 1991) and is a glutamatergic synapse were performed using Statview (Abacus Concepts, Berkeley, CA) (Jackson et al. 1985; Martin 1985; Nemeth et al. 1983; Raman and SAS/STAT (SAS Institute, Cary, NC). and Trussell 1992; Zhou and Parks 1992a,b) . Field potentials were monitored in all stimulated slices by placing a recording electrode in NM. Responses were amplified (WPI M-707), displayed on an Cell viability oscilloscope (Tektronix, Beaverton, OR) and recorded photographically. Traces were scanned into Adobe Photoshop (Adobe SysImmediately after fura-2 experiments, slices were incubated in situ in the imaging chamber for 30 min in 1 ml ACSF containing tems, Mountain View, CA) and optically averaged. Amplitude
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J864-7 / 9k27$$ap18 04-10-98 08:09:24 neupal LP-Neurophys 1.5 mM propidium iodide (PI). Images of NM then were acquired using Image-1 software (Universal Imaging) and processed in Photoshop (Adobe Systems) or NIH Image 1.60 (public domain software developed at the U.S. National Institutes of Health and available on the internet at http://rsb.info.nih.gov/nih-image/). Excitation was achieved using a 535-nm filter and emissions were collected using a 600-nm long-pass filter. All PI-labeled NM neurons within a field of view were counted by an observer with no knowledge of the treatment. Cells were counted in a 200 1 200 mm field of view. PI-labeled glia were discerned easily from PIlabeled (PI/) NM neurons and were excluded from counts ( Fig.  2A) . The total number of NM neurons in each field of view analyzed for PI labeling was obtained by counting cells in the same field of view under Köhler illumination or fura-2 excitation. The PI/ neuron counts for different treatment groups were compared using one-factor ANOVA and Fisher's protected least significant difference (PLSD) post hoc test.
For stimulation experiments in which fura-2 imaging was not performed, slices were incubated in oxygenated ACSF containing 1.5 mM PI for 30 min immediately after the defined period of stimulation (1 or 3 h). Slices obtained from brains of chicks that had undergone in vivo cochlea removal were allowed to equilibrate for 45 min in room-temperature, oxygenated ACSF before undergoing PI labeling as described above. All slices then were washed three times for 2 min in fresh ACSF and placed in an imaging chamber mounted on a Nikon Diaphot microscope. PI images were acquired using a BioRad MRC 1024 laser confocal scanning microscope. Excitation (535 nm) was achieved with the yellow line (568 nm) of a Ar/Kr laser. Emission images (620 nm) were collected through a 585-nm long-pass filter with either a 110 or 120 Fluor objective (Nikon). Images were slow-scanned using a Kalman filter (factor of 3) and saved on hard drive and optical disk. Images were processed in Adobe Photoshop and NIH Image. PI-labeled NM neurons in a 200 1 200 mm field were counted in NM on both sides of each slice by an observer with no knowledge of treatment group and compared using a paired two-tailed t-test. The total number of cells in any given field of view was obtained from images of the same focal plane acquired by the photomultiplier tube under standard light transmission microscopy conditions. Numbers presented are raw means { SE of the mean followed parenthetically by the percentage of mean total NM neurons.
All slices, regardless of experiment type, were treated identically with regard to preparation time. Complete preparation time was FIG . 1. A: nucleus magnocellularis (NM) field potentials in response Ç90 min and, because it was identical for all slices, is not reported to 5-Hz stimulation of the VIIIth nerve. Top: representative of NM field in the data presentation. Times reported are those that were variable potentials in control conditions. AV, afferent volley; N1, postsynaptic NM for different treatment groups in any given experimental paradigm response. Left: acquired 10 min after initiation of the stimulus; right: ac-(e.g., survival time after cochlea removal). Thus the absolute times quired after 3 h of stimulation and imaging. Note that there is no significant change in the amplitude of response. Bottom: 4 min after beginning superfubetween cochlea removal and PI analysis are Ç90 min longer than sion of artificial cerebrospinal fluid (ACSF) containing 1 mM staurosporine, the times reported in RESULTS . Slices were superfused continuously at a rate of Ç3 ml/min with min from time of animal euthanization. oxygenated ACSF consisting of (in mM) 130 NaCl, 3 KCl, 2 CaCl 2 , 2 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 10 glucose. distilled H 2 O. All other pharmaceuticals were dissolved in ACSF. MCPG, 8-bromoadenosine-cAMP (Br-cAMP), Sp-adenosine All working solutions were prepared within 24 h of use. 3,5-cyclic monophosphothioate triethylamine (Sp-cAMPS), RpcAMPS, phorbol-12-myristate-13-acetate (PMA), 4-a-phorbol-R E S U L T S PMA (4-a-PMA), forskolin, and 1,9-dideoxy-forskolin were obtained from Research Biochemicals, (Natick, MA). BisindolyElectrophysiology maleimide, staurosporine, U73122, U73343, and 1,2-dioctanoylsn-glycerol (DOG) were acquired from Calbiochem (San Diego, Figure 1A shows representative traces of NM field poten-CA). Glutamate and propidium iodide were obtained from Sigma tials produced by stimulation of the VIIIth nerve. Stimulus Chemical Company (St. Louis, MO). All other reagents were of levels were adjusted to produce field potentials that were (Zirpel and Rubel 1996a) . Although this preparation can follow higher stimulation rates, responses tend to be more variable during a long period, thus preventing precise measurements of activity. Thus we chose to use 5-Hz stimulation in all of the experiments reported here.
Response amplitudes ranged between 0.3 and 1.4 mV and did not vary significantly during the course of 3-h experiments ( Fig. 1A ; Table 1 ). With the exception of staurosporine, none of the compounds used in this study affected magnitude or latency of recorded field potentials (Table 1) . This was somewhat surprising because it is known that PKA activity modulates L-type Ca 2/ channels in NM neurons and that PKC and PKA activators modulate multiple ion channels and currents in other cell types (Greengard et al. 1991; Kelso et al. 1992; Madison and Nicoll 1986; Malenka et al. 1986; Miller 1986; Wang et al. 1991) . However, field potential recordings may not reveal subtle changes in ion fluxes related to synaptic transmission, especially Ca 2/ currents that are much smaller than Na / and K / currents (Otis et al. 1995; Raman and Trussell 1992) . Bath application of 1 mM staurosporine and the combination of 1 mM staurosporine / 1 mM MCPG, significantly potentiated the amplitude of both the primary afferent volley (AV) (data not shown) and N1 components of the NM field potential within 4 min of application ( Nicoletti et al. 1991; Wilde et al. 1994) . Figure 2A (unstimulated) side was 5.0 { 1.2 (17%). These numbers are not significantly different (paired t-test, P Å .1835, n Å shows that the labeled NM neurons are distinguished easily from labeled glia. The inset in Fig. 2A further shows that 3 slices). However, after 3 h of unilateral stimulation, the unstimulated NM shows significantly more PI-labeled neu-PI indeed has been incorporated in to the nucleus of the NM neuron. PI-labeled NM neurons were counted and compared rons than the stimulated NM [8.7 { 1.2 (29%) vs. 4.0 { 0.6 (13%), P Å .0339, n Å 3 slices]. between the intact and deafferented NM nuclei of each slice at the different survival times. Figure 2 , A and B, shows the results of these experiments. The mean total number of NM PKA and PLC in NM neuron [Ca 2/ ] i regulation neurons per field of view in all slices analyzed is 30.23 { 2.17 (n Å 72 slices). One hour after cochlea removal, the PROTEIN KINASE A. Pharmacological studies have shown that NM neurons express an mGluR that generates cAMP ipsilateral NM shows significantly more (7.5 { 0.9; 24%) PI-labeled neurons than the contralateral intact NM (2.0 { (reviewed in Zirpel et al. 1997) , which presumably then activates PKA, which subsequently phosphorylates and 0.6; 7%) ( Figure 2B ; P Å .0079, paired t-test, n Å 4 slices), a 17% increase. Mean NM neuron [Ca 2/ ] i is 247 { 29 nM modulates the activities of target proteins and enzymes. We previously have shown that this modulation includes inhibi-1 h after cochlea removal (Zirpel et al. 1995a ). Because it is unlikely that NM neurons would be dead only 60 min tion of L-type voltage operated Ca 2/ channels, inhibition of Ca 2/ influx through ionotropic glutamate receptors, and after cochlea removal, we presume that the PI-labeled NM neurons are those that eventually will die, similar to the inhibition of Ca 2/ release from intracellular stores. In other cell types, PKA has been shown to be involved in cellular ''ghost'' cells reported by Steward and Rubel (1985) after measuring protein synthesis after cochlea removal, and are Ca 2/ regulation (Fukayama et al. 1993) and modulation of ionotropic receptors (Greengard et al. 1991; Wang et al. therefore either dead or in the process of dying. However, given that these measurements are taken from an in vitro 1991) and Ca 2/ ATPases (Hawkins et al. 1995b ). Thus it is likely that PKA plays a role in mGluR-mediated VIIIth slice preparation, it is not surprising that a few cells (7-14% of total number) are labeled with PI even on the intact nerve activity-dependent regulation of NM neuron [Ca 2/ ] i . To test this hypothesis, PKA was either pharmacologically side. These cells presumably have been damaged during the dissection and preparation process and represent an unavoid-activated in the absence of stimulation or pharmacologically inhibited during VIIIth nerve stimulation while [Ca 2/ ] i was able level of cell death associated with an in vitro preparation.
monitored. Superfusing slices with ACSF containing the adenylate Three hours after cochlea removal, the difference in number of PI-labeled NM neurons between the cochlea removal cyclase stimulator forskolin (50 mM) attenuated, but did not entirely prevent, (Fig. 3A , ᮀ, 47 neurons, n Å 4 slices) side (COCX) and the intact side was still significant [11.5 { 1.3 (38%) vs. 4.3 { 0.9 (14%), respectively; Fig. 2B . 1995a ). In two animals that were allowed to survive for 24 h after cochlea removal, there was no significant (100 { 13 and 117 { 7 nM, respectively). Control NM neurons showed an obvious increase in [Ca 2/ ] i after 45 min difference in number of PI-labeled NM neurons between COCX and intact sides (data not shown, P Å 0.9). Cell that continued for another 75 min, reaching an average final concentration of 271 { 22 nM. Forskolin-treated NM neubodies of dying neurons still can be seen 24 h after cochlea removal (Born and Rubel 1985) but show no protein synthe-rons did not show a sharp increase like the control NM neurons, but showed a very slow, gradual increase that sis (Steward and Rubel 1985) nor Nissl staining (Born and Rubel 1985) . Therefore PI labeling in the intact and deaffer-reached an average concentration of 163 { 20 nM after 120 min. This effect is significantly different from the unstimuented NM may not differ at 24 h survival because the NM neurons that are going to die essentially have done so (Born lated control ( F ( 24, 144 ) Å 20.04, P Å 0.0001) as well. Superfusion of 50 mM 1,9-dideoxy-forskolin, an inactive form and Rubel 1985) and the DNA has been degraded by Ca 2/ -dependent endonucleases (Cohen and Duke 1984 ; Wyllie et of forskolin that does not stimulate AC, had no effect on the [Ca 2/ ] i increase seen in unstimulated NM neurons (data al. 1984) . Interestingly, a larger number of glia cells on the deafferented side of the brain stems also incorporated PI, not shown, 24 neurons, n Å 2 slices).
Superfusing unstimulated slices with the cell permeable though this was not systematically quantified.
VIIIth nerve stimulation of an in vitro slice maintains cAMP analog/PKA activator 8-Br-cAMP (1 mM) also (F ( 24,144 ) Å 0.92, P Å 0.5757). In one of the four 8-Br-cAMP experiments, addition of the PKA activator 2C shows the results of these experiments. After 1 h of unilateral stimulation, the average number of PI-labeled neu-appeared to drive down the [Ca 2/ ] i from an approximate mean of 180 nM to an approximate mean of 150 nM during the first rons in the stimulated NM was 4.3 { 0.9 (14%), whereas the average number of PI-labeled neurons in the contralateral 60 min of the experiment (Fig. 3A , inset, traces from 8 NM 9K28
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After the termination of the experiments discussed earlier and shown in Fig. 3A , the slices were analyzed for PI-labeled NM neurons. Figure 3B shows that slices superfused with 50 mM forskolin, 1 mM Br-cAMP, or 100 mM Sp-cAMPS tended to show fewer PI-labeled NM neurons than control (unstimulated) NM neurons. However, these differences were not statistically significant using a one-way ANOVA (F ( 5,15 ) Å 1.890, P Å 0.1647).
To determine the contribution of PKA activity to the maintenance of normal NM neuron [ of both populations also is plotted in Fig. 4 A (ࡗ, 31 neurons, n Å 4 slices). This population mean showed an initial [Ca 2/ ] i of 130 { 5 nM that gradually increased to 196 { 15 nM at neurons). This effect was not observed in any of the other three 8-Br-cAMP experiments. 120 min. This increase is significantly different from the control stimulated group (F (26,156) Å 13.12, P Å 0.0001). Sp-cAMPS is another cell permeable analog of cAMP that binds to the cyclic nucleotide binding region in the Due to the ''high-initial [Ca 2/ ] i neurons,'' this mean increase showed two large step-increases at 50 min (from 134 { 23 regulatory subunit of PKA and is resistant to degradation by phosphodiesterases (Kebabian 1992) . NM neurons in to 157 { 10 nM) and 100 min (from 173 { 8 to 191 { 16).
Rp-cAMPS did not affect the magnitude or latency of NM unstimulated slices superfused with 100 mM Sp-cAMPS showed an attenuated, but not an entirely abolished, increase field potentials in any experiment (Table 1) . Figure 4B shows that slices superfused with 100 mM Rpin [Ca 2/ ] i during 120 min (Fig. 3A, production of IP 3 (Zirpel et al. 1994 ) and cause Ca 2/ release 3A), while being superfused with ACSF containing 100 nM of the PKCfrom intracellular stores (Zirpel et al. 1995b ). These effects activating phorbol ester phorbol-12-myristate-13-acetate (PMA, ᭺, 52 neuare presumably mediated through mGluR activation of PLC, rons n Å 4 slices), and while being superfused with ACSF containing 50 mM of the diacylglycerol (DAG) analog 1,2-dioctanoyl-sn-glycerol (DOG; which, in addition to the IP 3 /Ca 2/ -release effect, also gener- Figure 5B shows that superfusion of PMA or DOG did not have a significant effect on the number of PI-labeled NM neurons (F ( 5,13 ) Å 1.89, P Å 0.1647). Figure 6 A shows that inhibition of PKC with 50 nM bisindolymaleimide partially interrupts 5-Hz stimulation from maintaining NM neuron [ Ca 2/ ] i at physiological levels. Orthodromic stimulation maintained NM neuron [ Ca 2/ ] i at Ç100 nM ( q, 63 neurons, n Å 5 slices; same data as in Fig. 4 A ) Fig. 4A ); ACSF containing 50 nM bisindolymaleimide (ᮀ, equivalent to that observed before the application of bisin-43 neurons, n Å 4 slices), and ACSF containing 10 mM U73122 (᭡, 28 neurons, n Å 3 slices). Note that the superfusion of the phospholipase C dolymaleimide. One neuron never recovered to õ300 nM. MCPG showed an average of 8.67 { 1.8 (29%) PI-labeled NM neurons (Fisher's PLSD test, P Å 0.0341 for both mGluRs, kinases, and NM neuron [Ca 2/ ] i regulation groups). While the latter two groups showed identical increases in the number of PI-labeled cells, it is interesting to The results reported above indicate that PKA and PKC note the large differences between them in final [Ca 2/ ] i are involved in VIIIth nerve activity-dependent regulation levels. This variability is discussed further later. of NM neuron [Ca 2/ ] i . But because inhibition of PKA or To confirm the results of the PI incorporation, total num-PKC never produced an [Ca 2/ ] i elevation that equaled that ber of fura-2 -labeled NM neurons were counted at the observed in the absence of stimulation, other mechanisms beginning and end of each of the staurosporine and stauromust be involved. To test the hypothesis that other kinases sporine plus MCPG experiments. Complete loss of fura-2 are involved, slices were superfused with 1 mM staurofluorescence is reported to indicate cell death ( Johnson et sporine, a nonspecific kinase inhibitor, while receiving 5-Hz al. 1994 ) . Staurosporine-treated slices showed a 33.5 { stimulation. Figure 7A shows that 5-Hz stimulation main-3.3% decrease in number of fura-2 -labeled cells, whereas tains NM neuron [Ca 2/ ] i at physiological levels (Ç100 nM) staurosporine plus MCPG-treated slices showed a 33.0 { for 130 min (q, 63 neurons n Å 5 slices, same data as in 3.0% decrease. Control, stimulated slices showed only a Figs. 4A and 6A). Staurosporine application resulted in a 13.2 { 2.7% decrease in fura-2 -labeled NM neurons. gradual increase in NM neuron [Ca 2/ ] i that reached a conThese results confirm and parallel those obtained with PI centration of 278 { 36 nM by 120 min (ᮀ, 33 NM neurons, n Å 4 slices). This was similar in time course and reached incorporation.
J864-7 / 9k27$$ap18 04-10-98 08:09:24 neupal LP-Neurophys (Zirpel et al. 1997 ) and voltage-gated channels linearly related to increased cell death at the time points we and release from stores (Kato et al. have investigated but that there appears to be a threshold 1996), while leaving intact the effects of ionotropic receptor concentration (250 nM) above which there is a direct rela-activation; most notably, influx of Ca 2/ (Bockaert et al. 1993; Duvoisin et al. 1995; Nakajima et al. 1993; Okamoto et al. 1994; Schoepp ( McConkey et al. 1989; Wyllie et al. 1984 ) . In some situations, this pathway to cell death can be prevented by PK A 1993; Tanabe et al. 1992) . Previous studies from our lab have shown that NM neurons express one or more mGluR(s) or PKC activation ( Galli et al. 1995; Kaiser and Lipton 1990; Lucas et al. 1994; Maiese et al. 1996; Wakade et al. linked (Carafoli 1987; Ghosh and Greenberg 1995) and , specifi-et al. 1995a ) and that É30% of NM neurons will die ( Born and Rubel 1985 Swartz 1993; Zong and Lux 1994) . It is therefore not surprising that inhibition of PKC or PKA disrupts VIIIth antagonism with MCPG, consistently result in increased cell death ( see Fig. 8 ) . nerve activity-dependent [Ca 2/ ] i regulation in NM neurons. However, the observation that activation of PKA or PKC The data in this figure suggest that there is a ''threshold'' [Ca 2/ ] i above which some neurons cannot compensate or attenuates, but does not entirely prevent, the [Ca 2/ ] i increase normally seen in the absence of stimulation underscores the recover and eventually die. This idea is further supported by the Fig. 6 , inset: NM neurons treated with bisindolymaleinotion that NM neuron [Ca 2/ ] i homeostasis is a complex symphony of a number of various components, which in-mide showed a rapid Ca 2/ spike that peaked ú500 nM. All but one of the neurons recovered from this challenge, and clude, but are clearly not limited to, PKA and PKC. This is further supported by the fact that staurosporine application baseline [Ca 2/ ] i levels returned to normal (É100 nM). The single neuron that did not recover showed [Ca 2/ ] i that reresulted in a larger [Ca 2/ ] i increase during stimulation than did specific inhibition of either PKA or PKC. At the concen-mained ú300 nM for the duration of the experiment. This neuron is presumably one of the few in that slice that were tration used, staurosporine is a nonspecific kinase inhibitor (Shapiro et al. 1996) Johnson et al. 1994 ), appear at the time points observed in this study.
There were two surprising features of these results. The trypan blue exclusion (Behl et al. 1995) , and lactate dehydrogenase release (Bruce et al. 1995; Jiang et al. 1993 ; Vorfirst is the rapidity with which NM neurons incorporated PI after loss of orthodromic stimulation. Despite the fact that nov et al. 1991). This instills confidence that PI-labeled NM neurons are indeed either dead or in the process of dying. [Ca 2/ ] i is elevated to É 250 nM 1 h after an in vivo cochlea removal, it was unexpected that the NM neurons would show However, these data give no indication as to the cause of the cell death process (viz hypercalcemia). PI also has been PI incorporation so soon. Previous studies have shown that all NM neuron cell bodies are present 24 h after a cochlea shown to label other cell types in parallel with changes [Ca 2/ ] i and intracellular pH (Bevensee et al. 1995; Kuroda removal and that cell counts are not significantly different between intact and deafferented sides until 24-48 h (Born et al. 1995) , all of which are likely due to a leaky plasma membrane. It is accepted that excitotoxic cell death is depenand Rubel 1985). However, within 30 min of deafferentation, NM neurons show decreases in protein synthesis that dent on increased [Ca 2/ ] i (reviewed in Choi 1992), but the contribution of increased [Ca 2/ ] i to other forms of apoptosis continue for another 11.5 h. At 12 h, NM shows two distinct population of cells: those that have reduced protein synthesis is controversial (reviewed in Lee et al. 1993) . We are therefore cautious in stating that PI labeling corresponds with and presumably will survive and those that are devoid of ribosomes and protein synthesis and presumably will die increases in NM neuron [Ca 2/ ] i ú250 nM under conditions that are known to result in increased NM neuron death. (Garden et al. 1994; Steward and Rubel 1985) . Four hours after insult, cells undergoing induced apoptosis show an in-Experiments are being conducted to determine the direct relationship between increased [Ca 2/ ] i and PI labeling in crease in DNA fragmentation that disappears after 24 h (Li et al. 1996) . A hallmark of apoptosis is DNA degradation deafferentation-induced NM neuron death.
The second surprising result of the PI labeling experiments by Ca 2/ -dependent endonucleases (Cohen and Duke 1984; Wyllie et al. 1984) . A similar course of events may be reported here is the relatively low threshold of [Ca 2/ ] i that results in cell death. Although there is not a single intracelluoccurring in NM with PI labeling. The neurons that label with PI at early time points may still be alive and functioning lar calcium concentration deemed pathological or lethal, most insults resulting in cell death produce on the order of but are already undergoing degenerative changes (e.g., DNA degradation by Ca 2/ -dependent endonucleases) that will re-10-fold increases in baseline [Ca 2/ ] i (e.g., Tymianski et al. 1993) . However, many of these paradigms produce large, sult in their eventual death.
PI staining is a membrane-delimited process and is thus transient increases that may trigger, but are not directly related to, the subsequent, gradual [Ca 2/ ] i increase that results a direct measure of membrane integrity (Bevensee et al. 1995; Dengler et al. 1995; Lizard et al. 1995) . A leaky in cell death. Choi (1985) demonstrated that excitotoxicity is a biphasic process in which a delayed type of cellular membrane is one of the early signals of a cell in a pathological state and is the principle on which exclusion dyes and damage, with overt cell destruction, was dependent on Ca 2/ influx. Similarly, Rothman and Olney (1986) concluded that ''live-cell'' fluorescent markers are based (Gray and Morris 1987; Kolber et al. 1988; Nicoletti et al. 1991 ; Suzuki et in hypoxia-ischemia, excitatory amino acids cause two types of neuronal damage: an initial osmolytic type and a delayed al. 1991). PI labeling occurs before DNA fragmentation in apoptotic cells (Lizard et al. 1995) and has been shown to calcium-dependent type. This biphasic mechanism of Ca 2/ -dependent cell degeneration and death has been replicated label dying cells in excitotoxic (Wilde et al. 1994 ), hypercalcemic (Jiang et al. 1993 Kuroda et al. 1995) , and necrotic in a number of systems and has become accepted widely as a common mechanism of cell death involving glutamate conditions (Lizard et al. 1995) . PI labeling also correlates 9K28 J864-7 / 9k27$$ap18 04-10-98 08:09:24 neupal LP-Neurophys (Manev et al. 1989; Randall and Thayer 1992; reviewed in (Zirpel and Rubel 1996a (Brunjes 1994; Dubin et al. 1986; Globus 1975; Hubel and Wiesel 1970; Moore 1992; Wiesel and Hubel 1963a,b; and Schwarz 1995) . Increased [Ca 2/ ] i then activates Ca 2/ -dependent endonucleases and proteases and sets in motion Woolf et al. 1983) . Although these phenomena are well characterized in every sensory system, the inter-and intracel-the cell degeneration process. Twenty to 40% of the NM neurons cannot cope with this hypercalcemia and eventually lular cascades responsible for changes in neuronal composition are not well understood. In our quest to elucidate these die. The remaining NM neurons can implement compensatory mechanisms, such as increased mitochondrial function mechanisms in the developing auditory system of the chick, we have shown that NM neuron's dependence on VIIIth (Hyde and Durham 1994a,b) , that allow them to survive.
Many pieces of this picture are still unclear, but the hypothenerve activity is mediated by mGluRs that transduce the glutamatergic signal from the VIIIth nerve terminals into the ses are consistent with the current and previous data on NM neurons and signal transduction pathways. intracellular messengers IP 3 , Ca 2/ , and cAMP (reviewed in Zirpel et al. 1997 ). The present report elucidates further the Why might NM neurons express such a strong mGluRmediated modulation of Ca 2/ ? NM neurons phase-lock to roles of the effector enzymes of these messengers, specifically PKA and PKC, in regulating intracellular calcium, frequencies°9,000 Hz and show spontaneous rates of 100
Hz (Warchol and Dallos 1990) . NM neurons also are enveand relates [Ca 2/ ] i increases with cell death. The following hypothesis of VIIIth nerve activity-dependent mGluR-medi-loped by specialized calyceal terminals (Carr and Boudreau 1991; Parks and Rubel 1978) , the end-bulbs of Held, that ated maintenance of NM neurons is based on this and previous studies from these laboratories and is the foundation for cover approximately two-thirds of the neuron's surface (Parks 1981) . Glutamate may exceed millimolar concentraongoing and future studies.
During normal VIIIth nerve activity, iGluRs and mGluRs tions within the synaptic cleft (Clements 1996) that can persist for milliseconds (Clements 1996; Jonas and Spruston on NM neurons are activated. Activation of the iGluRs results in a depolarizing electrical response in the postsynaptic 1994). Prolonged exposure of 66% of a neuron's surface to that high of a concentration of glutamate places NM neurons NM neurons that is carried in part by an influx of Ca 2/ ions (Otis et al. 1995; Zhou et al. 1995) . This depolarization in a potentially excitotoxic environment. The implementation of a mechanism to keep Ca 2/ increases in check would opens L-type Ca 2/ channels that allow influx of Ca 2/ . Activation of mGluRs results in stimulation of phospholipase C provide a beneficial survival strategy for NM neurons.
Hence, mGluRs may serve a very important neuroprotective producing IP 3 (Zirpel et al. 1994 ) and DAG and stimulation of adenylate cyclase producing cAMP Mayrleitner et al. 1995; Miller 1986; Stoclet et al. 1987 
